The aim of this study was to determine the role of polyamines in the diet-related maturation of the intestinal glycoprotein glycosylation during postnatal development in the rat. The activity of ␣-2,6-sialyltransferase and the sialylated forms of glycoproteins in the intestinal brush-border membranes were found to decrease considerably after weaning, in parallel with the intestinal level of putrescine. By contrast, the activity of ␣-1,2-fucosyltransferases, the mRNA levels for two ␣-1,2-fucosyltransferase genes, FTA and FTB, and the fucosylated forms of glycoproteins all increased after weaning, in parallel with the levels of spermidine and spermine. These results suggest a possible role of polyamines in the evolution of glycosylation. The treatment of suckling rats with spermidine or spermine reproduced the high intestinal levels of these polyamines corresponding to those normally found after weaning. After these treatments, a rise in the activity of the ␣-1,2-fucosyltransferase was observed, associated with a fall in ␣-L-fucosidase activity. The ␣-1,2-fucosyltransferase FTB gene was found to be regulated at the transcriptional level, but not by its inhibitor, fuctinin. The result of these variations was the precocious appearance of several ␣-1,2-fucoproteins, which are normally found in brushborder membranes after weaning. The treatment of suckling rats with putrescine, which induced only a transitory rise in intestinal putrescine, had a similar but weaker effect on the fucosylation process than spermidine or spermine, and treatment with ornithine was ineffective. ␣-2,6-Sialylation was not affected by any of the treatments. Spermidine and spermine turned out to be more effective than putrescine for intestinal glycoprotein fucosylation, but did not affect their sialylation. Spermidine and spermine, whose intestinal levels where found to increase at weaning time, may have been partly responsible for the natural evolution of the intestinal glycoprotein fucosylation that occurred during this period. The rat small intestine is immature until the end of the third week of life, when the weaning period begins. Intestinal maturation is associated with morphologic changes, an increase in mucus production, immunologic adaptation to new microbial and nutritional antigenic contents (1), and digestive adaptation to new nutriments (2).
The aim of this study was to determine the role of polyamines in the diet-related maturation of the intestinal glycoprotein glycosylation during postnatal development in the rat. The activity of ␣-2,6-sialyltransferase and the sialylated forms of glycoproteins in the intestinal brush-border membranes were found to decrease considerably after weaning, in parallel with the intestinal level of putrescine. By contrast, the activity of ␣-1,2-fucosyltransferases, the mRNA levels for two ␣-1,2-fucosyltransferase genes, FTA and FTB, and the fucosylated forms of glycoproteins all increased after weaning, in parallel with the levels of spermidine and spermine. These results suggest a possible role of polyamines in the evolution of glycosylation. The treatment of suckling rats with spermidine or spermine reproduced the high intestinal levels of these polyamines corresponding to those normally found after weaning. After these treatments, a rise in the activity of the ␣-1,2-fucosyltransferase was observed, associated with a fall in ␣-L-fucosidase activity. The ␣-1,2-fucosyltransferase FTB gene was found to be regulated at the transcriptional level, but not by its inhibitor, fuctinin. The result of these variations was the precocious appearance of several ␣-1,2-fucoproteins, which are normally found in brushborder membranes after weaning. The treatment of suckling rats with putrescine, which induced only a transitory rise in intestinal putrescine, had a similar but weaker effect on the fucosylation process than spermidine or spermine, and treatment with ornithine was ineffective. ␣-2,6-Sialylation was not affected by any of the treatments. Spermidine and spermine turned out to be more effective than putrescine for intestinal glycoprotein fucosylation, but did not affect their sialylation. Spermidine and spermine, whose intestinal levels where found to increase at weaning time, may have been partly responsible for the natural evolution of the intestinal glycoprotein fucosylation that occurred during this period. (Pediatr Res 51: 625-634, 2002) Abbreviations O, ornithine P, putrescine Sd, spermidine Sm, spermine NacSd, N-acetylspermidine NacSm, N-acetylspermine SNA, Sambuscus nigra lectin UEA-I, Ulex europeus lectin FTA and FTB, ␣-1,2-fucosyltransferase genes G3PDH, glyceraldehyde-3-phosphate dehydrogenase
The rat small intestine is immature until the end of the third week of life, when the weaning period begins. Intestinal maturation is associated with morphologic changes, an increase in mucus production, immunologic adaptation to new microbial and nutritional antigenic contents (1) , and digestive adaptation to new nutriments (2) .
Two types of glycoproteins play important functional roles in the small intestine. Mucins (secreted by the goblet cells) are different in composition between neonatal and mature rats, especially as regards their glycan chains (3) . In the neonate, these changes may affect the permeability (4) and the barrier function of the intestine, and consequently may favor infections (5) and food allergies (6) . At the apical enterocyte level, in the brush-border membranes, most of the digestive enzymes (lactase, sucrase, maltase, aminopeptidase, alkaline phosphatase) are glycoproteins whose activity changes a great deal at weaning time to enable the animal to cope with the adult solid diet (2) . A shift from high sialylation (before weaning) to high fucosylation (after weaning) has been observed in the brushborder membrane glycoproteins (7) (8) (9) (10) , associated with a decrease in intestinal activity, and also in the mRNA level of ␣-2,6-sialyltransferase on N-glycans (11) , as well as an in-crease in fucosyltransferase activity (12, 13) . We know that the active form of lactase is sialylated, and the inactive form fucosylated (14, 15) , and also that the structure of lactase and sucrase glycan chains may be responsible for their integration into the apical membrane of the enterocyte (14, 16) , but otherwise the role of the glycan chains in the biologic activity of these glycoproteins is largely unknown.
The development of the small intestine is regulated by, among other things, hormonal factors (12, (17) (18) (19) (20) (21) (22) and maturation factors such as polyamines (23) (24) (25) (26) , which are found in milk and the postweaning diet, and are vital for the functioning and renewal of the gut epithelium. The role of polyamines in growth and differentiation is particularly important (27) . Their oral administration to suckling rats induces many of the morphologic and biochemical modifications that characterize the intestinal postnatal maturation that begins at weaning (23-26, 28, 29) , which suggests that polyamines play a role in this process.
The aim of this study was to find out whether polyamines play a role in the maturation of glycoprotein glycosylation during postnatal development in rats. We first studied the developmental variations of ␣-1,2-fucosyltransferase and its transcriptional regulation. We also studied the polyamine variations in the small intestinal mucosa in relation to polyamine consumption. We then investigated the possible role of the different polyamines (putrescine, spermidine, and spermine), and their precursor (ornithine), on the sialylation and fucosylation of glycoproteins in the small intestine of suckling rats, with respect to the content of the intestine polyamine.
METHODS
Animals, treatment, and milk collection. Immediately after birth, the pups were distributed as litters of 10 suckling male rats (Sprague-Dawley strain; IFFA CREDO, L'Arbresle, France), and maintained on a 12-h/12-h light-dark cycle at 21°C. Dams and males (weaned at 19 d of age) were fed a commercial diet, Ico (UAR, Villemoisson-sur-Orge, France).
In the first experiment, starting when the rats were 10 d old (average weight, 25 g), five pairs of pups from each litter were given similar amounts of polyamines as 10 mol (0.4 mol/g body weight) of either ornithine, putrescine, spermidine, or spermine in water, or water alone, via oral ingestion, once a day for 4 d. In the second experiment, also starting when the rats were 10 d old, pairs of pups received amounts of polyamines proportional to the consumption of each polyamine by the weaned rats (30 mol of putrescine, 10 mol of spermidine, and 2 mol of spermidine per rat) once a day for 4 d. To avoid stress, the polyamines were given directly by mouth using a syringe with a soft tip.
To study the changes in putrescine levels at different times after ingestion, 14-d-old suckling rats (average body weight, 30 g) or 28-d-old weaned rats (average body weight, 90 g) were given single oral doses of 10 and 30 mol of putrescine per rat, respectively. The animals were killed either 1, 2, 4, 8, 16, or 24 h after the treatment. The effects of the different amounts of polyamines (between 0.04 and 4 mol/g body weight), given to the 14-d-old and the 28-d-old rats, were investigated 4 h after the treatment.
To stimulate milk ejection, the rats were anesthetized and injected with 5 mU of oxytocin per gram of body weight. Milk samples (250 to 700 L) were collected by manual draft, put in cryotubes, and immediately frozen at Ϫ180°C, pending polyamine assays.
The protocols for the experiments were approved by the French Ministry of Agriculture and Forestry, Veterinary Department, Permit No. 69000581.
Cell fractionations. After decapitation and laparotomy, the small intestines of the rats (from the gastroduodenal junction to the ileocecal junction) were removed and flushed with ice-cold 9 g/L saline solution. The mucosae were harvested with a glass slide, homogenized in 10 mM Tris-HCl, 10 mM KCl, 10 mM MgCl 2 , 250 mM sucrose, pH 7.4, buffer with a Potter-Elvehjem homogenizer (5 mL/g wet tissue) and centrifuged for 30 min at 30,000 ϫ g in a JA 14 rotor (J21 centrifuge, Bechman Coulter, Palo Alto, CA, U.S.A.). The supernatant was centrifuged at 4°C for 1 h 30 min at 150,000 ϫ g, which produced microsomes and cytosols. The brush-border membranes were prepared from the mucosae using the method of Kessler et al. (30) . Depending on the age of the animals, one to three rats were used for the preparation of each subcellular fraction.
Protein determinations. Proteins were determined according to the method of either Lowry et al. (31) or Schaffner and Weissmann (32) .
Polyamine determinations. The polyamine determinations were performed as previously described (33) . Briefly, the small intestines (from the gastroduodenal junction to the ileocecal junction) were quickly removed and washed with 9 g/L saline solution at 4°C. The intestinal mucosae were harvested with a glass slide and homogenized in deionized water at 4°C. The homogenates were quickly frozen at Ϫ180°C to avoid polyamine degradation by diamine and polyamine oxidases. Immediately before the polyamine determination, the samples of milk, commercial food, and intestinal mucosa were diluted in deionized water at 4°C. An internal standard was added, and the proteins were discarded after precipitation. After derivatization with 1 mM 9-fluorenylmethyl chloroformate for 45 s at room temperature, the polyamines were separated by HPLC, as previously described (33) , identified by their retention times, and quantified by comparison with standard concentration curves, using 1,6-hexanediamine as an internal standard.
Determination of diamine oxidase activity. The diamine oxidase activity was determined in reaction mixtures (100 L) containing 400 -500 g of mucosa homogenate proteins in 100 mM sodium phosphate buffer, pH 7.2, 250 M of a mixture of putrescine and 14 C-putrescine (sp act, 4.1 GBq/mol; PerkinElmer Life Science Products, Boston, MA, U.S.A.) with or without 10 mM aminoguanidine, an enzyme inhibitor. Kinetic studies were performed for 5-60 min at 37°C. The reactions were stopped with 100 L of 250 mM putrescine and the addition of 2 mL of toluene. The labeled reaction products were extracted in the organic phase for 10 min at room temperature, followed by centrifugation at 5000 ϫ g for 10 min. Radioactivity was determined using Emulsifier Scintillator Plus (Packard Instruments, Groningen, Netherlands.). The diamine oxidase activity was found by subtracting activity in the presence of aminoguanidine from activity in its absence, and determining the slope for the linear part of the curve.
Determination of glycosyltransferase activity. Gal-␤1,4-GlcNAc was used as the oligosaccharide acceptor for the determination of ␣-2,6-sialyltransferase activity on the Nglycans (E.C.2.4.99.1). The reaction mixture contained 200 -300 g of proteins (in 10 mM Tris-HCl, 10 mM KCl, 10 mM MgCl 2 , pH 7.4, buffer), 3.5 mM Gal-␤1,4-GlcNAc, 10 mM AMP, 0.50% Triton X-100, 4 M of a mixture of CMP-Nacetylneuraminic acid and CMP-14 C-N-acetylneuraminic acid (sp act, 10.1 GBq/mmol; PerkinElmer). The incubations were carried out for 30 min at 30°C, and the reactions were stopped with 500 L of 0.1 M KCl at 4°C. After centrifugation, the radiolabeled products in the supernatants were separated by chromatography on HPTLC silica gel 60 plates using ethanol/ pyridine/n-butanol/acetic acid/H 2 O (100/10/10/3/30) as migration solvent, then scraped after autoradiography. ␣-1,2-Fucosyltransferase activity (E.C.2.4.1.69) was determined with phenyl-␤-D-galactopyranoside as the specific acceptor, in conditions previously described (33) . In all cases, radioactivity was determined using the Emulsifier Scintillator Plus (Packard Instruments). Glycosyltransferase activity was obtained by subtracting the endogenous activity (determined without an exogenous acceptor).
RNA preparation and Northern analysis. Total RNA was isolated from small intestine mucosae by the guanidinium thiocyanate method of Chomczynski and Sacchi (34) . Northern hybridization analyses were performed as previously described (33), using digoxigenin-labeled cRNA probes synthesized from fragments of cDNA encoding two ␣-1,2-fucosyltransferase genes, FTA and FTB (35) , inserted into a plasmid including a T7 promoter. The cDNA was provided by Dr. J. LePendu, University of Nantes. Control hybridizations were conducted with a digoxigenin-labeled G3PDH cRNA probe in the same way, once the membranes had been stripped. The relative FTA, FTB, and G3PDH mRNA levels were determined by densitometry with a BioRad GS-700 densitometer, with Molecular Analyst software (Bio-Rad, Hercules, CA, U.S.A.).
Enzyme activity in the fucosylation process. The activity of fuctinin, a fucosyltransferase inhibitor, was determined using partially purified ␣-1,2-fucosyltransferase in a fraction semipurified from cytosol, as described previously (22) . It was expressed as the quantity of proteins producing a 50% inhibition of fucosyltransferase activity. The synthesis of GDPfucose (guanosine diphosphoglucose) (by epimerasereductase) and its degradation (by pyrophosphatase) were studied in cytosols, and the reaction products were separated by HPLC as described previously (9) . ␣-L-Fucosidase activity was determined in cytosol, according to Kobata's method (36) .
Detection of glycoproteins in the brush-border membranes. Proteins from the intestinal brush-border membranes were resolved by electrophoresis on a 0.1% SDS, 7.5% gel acrylamide, and then electrotransferred to a nitrocellulose membrane (Schleicher-Schüll, Dassell, Germany). ␣-2,6-Sialic acid and ␣-1,2-fucose residues in glycoproteins were detected in 50 mM Tris, 150 mM NaCl, 0.1% Tween 20, using respectively 1 g/mL of a digoxigenin-labeled lectin from Sambucus nigra (SNA; Roche Diagnostics) and 0.6 g/mL of a biotin-labeled lectin from Ulex europeus (UEA-I; Sigma Chemical Co.-Aldrich Chimie, Saint-Quentin-Fallavier, France), as described previously (9) . Digoxigenin was recognized with 750 mU/mL of an alkaline phosphatase-labeled antidigoxigenin antibody and biotin, with 1 U/mL alkaline phosphatase-labeled streptavidin (both from Roche Diagnostics). Alkaline phosphatase was revealed with 1.8 mM nitro-blue tetrazolium and 0.5 mM 5-bromo-4-chloro-3-indolylphosphate.
Statistical analysis. The results were expressed as mean Ϯ SEM. Between two groups, the means were compared by the unpaired t test or the Mann-Whitney U test. For comparison among more than two groups, a one-factor ANOVA was used, and the means were compared by the Newman-Keuls test.
RESULTS
The polyamine content of milk and commercial diet, and rat polyamine consumption. In milk, we found that the spermidine level was consistently the highest (Fig. 1A ). Spermidine and spermine levels increased significantly at the end of the lactation period (18th day), that of putrescine remained low, and quite steady, during the same period. With the commercial diet (Ico), the levels of putrescine, spermidine, and spermine were significantly higher (respectively approximately 65-, 1.5-, and 6-fold) than those found in the milk at 14 d (Fig. 1B) . N-Acetylspermidine and N-acetylspermine levels were very low both in the milk and the commercial diet (data not shown).
The 14-d-old suckling rats (weighing approximately 30 g) were consuming approximately 6 mL (6.3 g) of milk per day, so that their average daily polyamine consumption was 20 nmol putrescine, 360 nmol spermidine, and 16 nmol spermine. In the 28-d-old weaned rats (weighing approximately 90 g), which ate between 18 and 20 g of Ico per day, the average amounts of polyamine ingested per day were 4300 -4900 nmol putrescine, 1600 -2000 nmol spermidine, and 290 -320 nmol Figure 1 . Polyamine levels in milk and the commercial diet. Polyamine contents (nmol/g) were determined by HPLC. P, putrescine; Sd, spermidine; Sm, spermine. A, milk collected between the 7th and the 18th days of lactation. B, commercial diet (Ico). For the milk, the values of eight independent determinations at each lactation time are reported as the mean Ϯ SEM. The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test. *p Ͻ 0.005, significantly different values from the others. For Ico, values are given as the means for 11 determinations. The means for Ico were compared with the means for milk by the Newman-Keuls test. For putrescine and spermine, the values were significantly higher for Ico than for milk, irrespective of lactation time (p Ͻ 0.050). For spermidine, the values for Ico were significantly higher than those for milk between the 7th and the 14th days of lactation (p Ͻ 0.050).
spermine. In terms of amount per gram of body weight, the amounts of polyamines ingested daily were higher for the 28-d-old rats than for the 14-d-old rats (around 70-fold for putrescine, 1.7-fold for spermidine, and 7-fold for spermine).
Developmental changes in polyamine levels in the small intestine. Spermidine was the polyamine that was found to have the highest concentration in the small intestinal mucosae, irrespective of age (Fig. 2) . Spermidine levels increased sharply after weaning. Spermine levels also increased after weaning, but less strongly. By contrast, intestinal putrescine levels were low throughout, and actually decreased significantly after weaning. At all ages, N-acetylspermidine and N-acetylspermine levels were very low (0.01-0.04 nmol/mg protein).
Changes in polyamine levels in immature and mature rat small intestines: at several times after treatment with putrescine, and at a given time after treatment with different amounts of putrescine. First, both the 14-d-old and the 28-dold rats were given comparable amounts of putrescine (as a single ingestion of 0.4 mol/g body weight), and the polyamine levels in their small intestinal mucosae were measured at different times. In the intestinal mucosae of the 14-d-old rats, the putrescine level increased progressively, reaching a maximum 4 h after the treatment (increase factor, 6.4); then falling back to the basal level (Fig. 3) . By contrast, in the intestinal mucosae of the 28-d-old rats, the level did not increase significantly. Second, 14-d-old and 28-d-old rats were treated with increasing amounts of putrescine (between 0.04 and 4 mol/g body weight), and the putrescine levels in the intestinal mucosae were measured 4 h after ingestion. In the mucosae of the 14-d-old rats, the putrescine level rose between 0.04 and 0.8 mol/g body weight, leveling up to approximately 6-fold the basal level found for the control rats, then it plateaued (data not shown). The 28-d-old weaned rats, on the other hand, showed no significant effect, irrespective of the dosage of putrescine. No significant conversion of putrescine to spermidine or spermine was observed (data not shown).
Intestinal diamine oxidase activity was significantly lower for the 28-d-old rats (387 Ϯ 41 pmol · mg protein Ϫ1 · min Ϫ1 , n ϭ 6; p Ͻ 0.002) than for the 14-d-old rats (693 Ϯ 59 pmol · mg protein Ϫ1 · min Ϫ1 ; n ϭ 6). Developmental changes in glycosyltransferase activity and glycoproteins in the brush-border membrane. ␣-2,6-Sialyltransferase activity fell significantly in the small intestines of the weaned rats after the 22nd day (Fig. 4A) , and the ␣-2,6-sialoprotein amount detected in the brush-border membrane decreased in parallel with this enzyme activity (Fig. 4B) . Figure 5A shows that membrane-bound ␣-1,2-fucosyltransferase activity rose significantly immediately after weaning, and similar results were observed for the soluble activity (not shown). ␣-1,2-Fucosyltransferase activity was regulated at transcriptional level. The mRNAs levels of this enzyme's two genes (FTA and FTB) increased after weaning, in parallel with the activity of the enzyme (Fig. 5B) . This was also illustrated by the ratio of mRNA for FTA and FTB to that for the stable control G3PDH, which increased significantly after weaning (Fig. 5C) .
Effects of polyamines or their precursor on the intestinal polyamine contents of suckling rats. To assess the possible role of polyamines on the intestinal maturation of glycoprotein glycosylation in the rat small intestine, we attempted to produce, in the intestinal mucosae of the suckling rats, levels of polyamines (particularly spermidine and spermine) close to The polyamine levels in the small intestine mucosae were determined by HPLC. One intestine was used for each determination. Results are mean Ϯ SEM for 10 independent determinations at each age. The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test. For spermidine, all the values obtained after weaning were significantly higher than those obtained before weaning (p Ͻ 0.050). The opposite result was obtained for putrescine. For spermine, significant differences were observed, on the one hand, between 14-and 18-d-old rats, and, on the other hand, 28-or 38 day-old rats (p Ͻ 0.050). those found in the mucosae of the weaned rats. This was done by repeated oral ingestions of the different polyamines.
In the first experiment, the suckling rats were treated once a day for 4 d, starting at 10 d of age, with similar amounts of the different polyamines or ornithine (10 mol per rat), these quantities being close to those used in other studies (24, 26, 28, 37) . Under these conditions, the putrescine, spermidine, and spermine amounts ingested daily by the 14-d-old rats were respectively 2-, 6-, and 30-fold those ingested by 28-d-old rats fed on Ico. As shown in Figure 6 , in small intestines of 14-d-old spermidine-and spermine-treated rats, the respective levels of the spermidine or spermine increased significantly The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test. Values for all the weaned rats (22-48 d of age) were significantly higher than for the 10 -18 day-old rats (p Ͻ 0.050). B, Northern blots for the determination of the mRNA of the two ␣-1,2-fucosyltransferase genes FTA and FTB. Thirty micrograms of total RNA (for each age) was separated by electrophoresis, then blotted onto a nylon membrane. Hybridization was performed with FTA or FTB cRNA digoxigeninlabeled probes, and control hybridization with a G3PGH cRNA digoxigeninlabeled probe. C, semiquantitative estimation of FTA and FTB mRNA. The relative mRNA levels of the FTA and FTB genes were taken as their ratios to the mRNA of G3PDH used as a control (mean Ϯ SEM; n ϭ 3). The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test. The values obtained for the weaned rats were significantly higher than for the suckling rats (p Ͻ 0.050). compared with those of the control rats (1.5-fold for spermidine and 1.7-fold for spermine), reaching levels close to those of the 28-d-old rats. In the spermidine-treated rats, moreover, not only had the spermidine level increased, but also those of putrescine and N-acetylspermidine. By contrast, the polyamine levels did not change as a result of treatment with putrescine ( Fig. 6) and ornithine (not shown).
In the second experiment, the suckling rats were given different amounts of each polyamine, once a day for 4 d (starting at 10 d of age), but in amounts proportional to the consumption of these polyamines by the weaned rats. Putrescine was given at 30 mol per rat, spermidine at 10 mol per rat, and spermine at 2 mol per rat, corresponding to 5-6 times the amounts ingested by the 28-d-old rats and twice as much as those ingested by 48-d-old adult rats. In the rats that were treated for 4 d with 30 mol of putrescine per rat, the intestinal polyamine levels did not change significantly, as observed in the case of the rats treated with 10 mol per rat. In the rats treated with 2 mol of spermine per rat for 4 d, the intestinal spermine level was significantly higher (increase factor 1.5) than in the control rats, but lower than that observed after treatment with 10 mol per day (increase factor 1.7).
Effects of polyamines or their precursor on the sialylation process of suckling rats. ␣-2,6-Sialyltransferase activity on N-glycans in the 14-d-old rats was not modified either by similar amounts (10 mol per rat) of the polyamines or by ornithine (Fig. 7A) , nor by amounts of polyamines proportional to the weaned rats' consumption (putrescine, 30 mol per rat; spermidine, 10 mol per rat; spermine, 2 mol per rat; data not shown). In the brush-border membranes of the 14-d-old rats treated with 10 mol polyamine per rat, no significant difference was observed in the content of the ␣-2,6-sialic acids of glycoproteins by comparison with the control rats (Fig. 7B) .
Effects of polyamines or their precursor on the fucosylation process of suckling rats. After treating the suckling rats with similar amounts of either putrescine, spermidine, or spermine (10 mol per rat per day), membrane-bound ␣-1,2-fucosyltransferase activity was found to have increase significantly, compared with the control groups. Putrescine had less Figure 7 . Effects of polyamine treatment on the ␣-2,6-sialylation process in suckling rats. The animals were given either water (C, control group) or 10 mol of each polyamine per rat orally once a day for 4 d, starting on the 10th day of life. P, putrescine; Sd, spermidine; Sm, spermine. They were killed on the 14th day of life. A, for ␣-2,6-sialyltransferase on N-glycans, the values were mean Ϯ SEM (n ϭ 5). The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test, which showed no significant change. B, detection of ␣-2,6-sialic acid residues in brush-border membrane glycoproteins, after SDS-PAGE (12 g of proteins/ lane), and transfer onto a nitrocellulose membrane using the specific lectin of Sambucus nigra (SNA). MM, molecular mass control. Figure 6 . Effects of polyamine treatment on the intestinal polyamine levels of suckling rats. Fourteen-day-old rats were treated orally either with water (C, control group) or with similar amounts (10 mol) of each polyamine once a day for 4 d, starting on the 10th day of life. The rats were killed on the 14th day of life, 24 h after the last ingestion. Polyamine levels were determined by HPLC in the intestinal mucosae from each rat: P, putrescine; Sd, spermidine; Sm, spermine; NacSd, N-acetylspermidine; NacSm, N-acetylspermine. Values are mean Ϯ SEM (n ϭ 10). The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test. The assay group values were significantly different from those of the control group (*p Ͻ 0.050, and **p Ͻ 0.020).
effect (increase factor 1.3) on this activity than spermidine (increase factor 4.7) or spermine (increase factor 4.9; Fig. 8A ), and 10 mol of ornithine per rat had no effect (not shown). Similar results were observed with the soluble form of the enzyme. All three polyamines induced significant increases in the mRNA content of the ␣-1,2-fucosyltransferase FTB, but at a lower level than that observed for the adult rats (Fig. 8B) . mRNA coding for the ␣-1,2-fucosyltransferase FTA was presently only in small amounts, both in the polyamine-treated and the control rats (not shown).
When the suckling rats were treated for 4 d with amounts of polyamines proportional to the weaned rats' consumption (30 mol of putrescine, 10 mol of spermidine, and 2 mol of spermine per rat per day), ␣-1,2-fucosyltransferase activity was also found to be significantly higher than that of the control rats, and the increase factors were fairly similar (2.1 for putrescine, 4.7 for spermidine, 2.0 for spermine), although spermidine was the most active of the three polyamines.
In the suckling rats, fuctinin activity was not modified by polyamine treatments at 10 mol per rat per day (Table 1) . Neither GDP-fucose synthesis by epimerase-reductase nor its breakdown by GDP-fucose pyrophosphatase was significantly affected, although ␣-L-fucosidase activity decreased significantly after treatment with 10 mol per rat of spermidine (decrease factor 2.8) or spermine (decrease factor 4.4). But putrescine given at 10 mol per rat had no effect on ␣-Lfucosidase activity. When polyamines were given in proportion to the consumption of the weaned rats (30 mol of putrescine, 10 mol of spermidine, and 2 mol of spermine per rat per day), ␣-L-fucosidase activity was significantly lowered by similar factors (2.7 for putrescine, 2.8 for spermidine, 3.5 for spermine).
Several ␣-1,2-fucoproteins (similar to those observed after weaning) appeared precociously in the brush-border membranes of the 14-d-old rats treated daily with polyamines at 10 mol per rat, but to different degrees, whereas they were absent in the brush-border membranes of the 14-d-old control rats (Fig. 8C) . A fucoprotein with a molecular weight of 100 kD was particularly clearly detected in all cases, and, at 10 mol per rat, more fucoproteins appeared after spermine treatment than after putrescine or spermidine treatment. Treatment with putrescine at 30 mol per rat and spermine at 2 mol per rat induced the appearance of ␣-1,2-fucoproteins fairly similar to those observed after spermidine treatment at 10 mol per rat (data not shown).
These results also indicate that the effects of the different polyamines on ␣-1,2-fucosyltransferase and ␣-L-fucosidase activity, and on the ␣-1,2-fucoproteins, are dose-dependent.
DISCUSSION
Polyamines (putrescine, spermidine, and spermine) are maturation factors for the small intestine and they also play a role in cell differentiation and proliferation. Their endogenous biosynthesis depends, of course, on their precursor (ornithine), but it is generally accepted that the polyamine content of the small intestine as a whole derives largely from exogenous sources such as diet. The aim of the present study was to assess the role Figure 8 . Effects of polyamine treatment on the ␣-1,2-fucosylation process in suckling rats. The animals were given water (C, control group) or 10 mol of each polyamine orally once a day for 4 d starting on the 10th day of life. P, putrescine; Sd, spermidine; Sm, spermine. They were killed on the 14th day of life. A, ␣-1,2-fucosyltransferase activity in microsomal membranes (membrane-bound) and cytosol (soluble). Values are mean Ϯ SEM (n ϭ 8). The results were submitted to a one-factor ANOVA and the means were compared by the Newman Keuls test. The values for the assay groups were significantly different from those of the control group (*p Ͻ 0.050, **p Ͻ 0.020, ***p Ͻ 0.001). B, Northern blots for the determination of ␣-1,2-fucosyltransferase mRNA. 30 g total RNA per group was separated by electrophoresis, then blotted onto a nylon membrane. Hybridization was performed with a cRNA digoxigenin-labeled probe for the ␣-1,2-fucosyltransferase gene FTB, and with a G3PDH digoxigenin-labeled cRNA probe used as a control. C, detection of ␣-1,2-fucose residues in brush-border membrane glycoproteins, after SDS-PAGE (8 g of proteins/lane) and transfer to a nitrocellulose membrane, using the specific lectin of Ulex europeus (UEA-I). MM, molecular mass control.
of polyamines in the maturation of glycoprotein glycosylation in the rat small intestine. To this end, we first studied the changes that occur in the intestinal polyamine levels during postnatal development, in relation to diet, and, in parallel, changes in the ␣-2,6-sialylation and ␣-1,2-fucosylation of glycoproteins. Then, the effect of polyamines on the glycoprotein maturation process in immature rats was studied.
We found that rat milk contained more spermidine and spermine at the end than at the beginning of lactation, as is the case with human milk (38, 39), but that the putrescine level was stable throughout the lactation period. The amounts of polyamine that we found in rat milk were close to those reported in other studies (38, 39) . When the rats were weaned on Ico, containing higher levels of polyamines than milk, they consumed larger amounts of polyamines. In the small intestine, the levels of spermidine and spermine were significantly higher after weaning, in keeping with the amounts of spermidine and spermine ingested by the rats during this period; they fell off slightly after the 30th day of life. But, in spite of a higher putrescine consumption after weaning than during the lactation period, no increase in intestinal putrescine was observed after weaning. Luk et al. (40) showed temporary increases in intestinal putrescine, spermidine, and spermine around weaning time, followed by rapid decreases toward the basal levels of the suckling rats. But these authors mentioned neither the strain of their rats nor the polyamine composition of the diet at weaning, so the discrepancy between their results and ours is not easily interpretable.
Our results concerning putrescine were unexpected in that we found no particular relationship between the intestinal putrescine content and the amount of putrescine consumed. When similar amounts of putrescine were given orally to the suckling and the weaned rats (in proportion to their weight), putrescine levels increased significantly between 2 and 8 h after ingestion in the intestines of the suckling rats, although not in weaned rats. These results indicate that putrescine may be assimilated or converted differently by the immature and the mature intestine. The conversion of putrescine to spermidine and spermine had not been shown, irrespective of age. In suckling rats, the putrescine increase was only temporary after putrescine ingestion, whereas the spermidine and spermine levels were still significantly higher 24 h after the last of four ingestions of spermidine or spermine. The catabolic pathway of putrescine may be more active than those of spermidine and spermine. This hypothesis is supported by Bardocz et al. (41, 42) , who have shown that 1 h after putrescine administration, 80% had been converted into nonpolyamine metabolites (42), whereas after spermidine or spermine administrations, only 20 to 30% of these polyamines had been converted into other compounds (41) . Putrescine did not seem to be destroyed more quickly in the weaned rats than in the suckling rats, given that diamine oxidase activity was not higher in the weaned rats' intestines than in those of the suckling rats. The lack of increase in putrescine in the small intestine after weaning may also have been related to a difference in putrescine uptake between the immature and the mature intestine, or to its quick release. In the mature intestine, different carriers have been described for putrescine, on the one hand, and spermidine and spermine on the other (43), but they have not been studied during postnatal development. These questions require further study.
Concerning changes in the glycoprotein glycosylation during postnatal development, the activity and mRNA levels of ␣-2,6-sialyltransferase (11), and the amount of ␣-2,6-sialoproteins in the brush-border membranes, were much lower after weaning, whereas the fucosylation level rose after weaning. The correlated rises in the levels of ␣-1,2-fucosyltransferase activity, the mRNA levels of this enzyme's two genes (FTA and FTB), and the amount of fucose linked to glycoprotein glycan chains at the brush-border surface (9) suggest that the increase in intestinal glycoprotein fucosylation during postnatal development is controlled at the level of ␣-1,2-fucosyltransferase expression. But it is also likely that the fucosylation process is regulated by several other mechanisms, such as the inhibition of fucosyltransferase activity by fuctinin in the immature intestine, and the availability of a substrate, which we have described previously (44) . The glycoproteins bound to the brush-border membranes include sucrase and maltase, for which polyamines are maturation factors, and whose activities increase after weaning (23) (24) (25) . It is possible (although not certain) that the active forms of these enzymes are related to their glycosylation types.
Given the parallel variations that take place during postnatal development between, on the one hand, decreasing putrescine and glycoprotein sialylation levels and, on the other, increasing spermidine and spermine levels and glycoprotein fucosylation, we decided to study the possible role of the different polyamines as maturation factors for the glycoprotein glycosylation process in the intestines of immature suckling rats, by reproducing polyamine levels similar to those observed in the intestines of weaned rats.
Twenty-four hours after oral administration to suckling rats, via oral ingestion, of similar amounts of spermidine or spermine (10 mol per rat) for 4 d, we found that the intestinal Values are mean Ϯ SEM (with nine independent determinations for fucosidase, and five for the other types of activity). The results were submitted to a one-factor ANOVA, and the means were compared by the Newman-Keuls test: * p Ͻ 0.001. 632 spermidine or spermine content had increased to levels similar to those of the weaned rats, as also described by Dufour et al. (23) . In our 14-d-old spermidine-treated rats, putrescine and N-acetylspermidine levels also increased, indicating that spermidine is involved in the polyamine-interconversion process, whereas in the spermine-treated rats, there was no interconversion. Nor was any change in the levels of intestinal polyamines observed when the suckling rats were treated for 4 d with putrescine, either at the same dose or a higher dose (30 mol per rat), although a transitory increase in the putrescine level was observed between 2 and 8 h after each ingestion. This result may be related to rapid degradation by diamine oxidase, which was quite active in the 14-d-old rats.
No change was observed in the activity of ␣-2,6-sialyltransferase or in ␣-2,6-sialoproteins in the brush-border membranes after treatment of the 14-d-old rats with any of the three polyamines (irrespective of the dose used), nor with ornithine. But treatment with either spermidine or spermine caused the activity of both soluble and membrane-bound ␣-1,2-fucosyltransferase to increase precociously to levels close to those observed in the weaned rats. The increase in the activity of these enzymes would seem to be related to the transcriptional regulation of ␣-1,2-fucosyltransferase (FTB) expression, given that the mRNA level for the FTB gene increased considerably compared with that of the 14-d-old control rats. The nonmodulation of the FTA gene expression by polyamines raises questions about the linkage specificity of the FTA and FTB genes. These changes, along with stable levels of fuctinin (the fucosyltransferase inhibitor), and substrate (GDPfucose) availability, and a large decrease in ␣-L-fucosidase activity, presumably induced the observed precocious appearance of several ␣-1,2-fucoproteins in the brush-border membrane, which were rather similar to those already observed after weaning (9) . One of the ␣-1,2-fucoproteins, with a molecular mass of approximately 100 kD, was particularly highly fucosylated. It would be interesting to know the nature of this fucoprotein, as the activity of some glycoprotein digestive enzymes in the brush-border membranes (e.g. sucrase) also increases precociously in the intestine of suckling rats treated with spermidine or spermine in similar conditions (23) (24) (25) (26) . In rats treated with 10 mol of putrescine per rat for 4 d, the effect of given doses of putrescine on fucosylation was weaker than that of spermidine or spermine (with lesser rises in ␣-1,2-fucosyltransferase activity and mRNA levels for FTB, no effect on ␣-L-fucosidase, and a lesser increase in ␣-1,2-fucoprotein levels). This was probably because of the fact that intestinal putrescine increased only temporarily (for a few hours) after each ingestion. The effect of polyamines on fucosylation (␣-1,2-fucosyltransferase, ␣-L-fucosidase, ␣-1,2-fucoproteins) was dose-dependent, as has also been shown by Buts et al. (37) for some digestive enzymes. When each of the three polyamines was given orally for 4 d to the suckling rats at a level proportional to the amount ingested by the weaned rats fed on Ico (putrescine at 30 mol per rat, spermidine at 10 mol per rat, and spermine at 2 mol per rat), the decrease in ␣-Lfucosidase activity and the increases in ␣-1,2-fucosyltransferase activity and ␣-1,2-fucoproteins induced by the three polyamines were more similar than at a dose of 10 mol per rat. Of the three polyamines, however, it would seem that spermidine is always the most active and putrescine the least active in inducing a precocious maturation of the fucosylation process.
The mechanism by which polyamines induce premature increases in the ␣-1,2-fucosylation process in suckling rats is not yet clearly understood. After their uptake by enterocytes, polyamines may act directly on their own. Polyamine-protein interactions between the positive charges of spermine and the negative charges of acidic amino-acids have been described for the polyamine binding sites of some enzymes (45) . But it seems unlikely that polyamines have a direct effect on the ␣-1,2-fucosyltransferase protein, because polyamines do not modify enzyme activity when added to an acellular medium in vitro (unpublished data). Because of their positive charges, polyamines bind to nuclear macromolecules and modulate DNA transcription in intestinal cells (46, 47) , and this could partly explain the fact that two polyamines (spermidine and spermine) are more active than putrescine in regulating the expression of the ␣-1,2-fucosyltransferase gene FTB at transcriptional level. However, it is not yet known whether ␣-1,2-fucosyltransferase activity is modified by combinations of a nuclear protein factor and a polyamine-responsive-element, to which transcription factors bind, as described for some enzymes (48) . The weaker effect of putrescine than the other polyamines could also be related to its rapid breakdown by diamine oxidase, whose level of activity is particularly high at 14 d of age. In addition to their possible direct effects, the polyamines may also indirectly stimulate the secretion of hormones or other secondary effectors. We have previously shown that fucosyltransferase activity in suckling rats is sensitive to glucocorticoids (19) , and it has been suggested that spermine can affect ACTH and corticosterone secretion, probably by stimulating the release of gastrointestinal hormones (49) or through a cytokine-dependent mechanism (50) . These points require further study.
In conclusion, the present study indicates that the sialylation and fucosylation of intestinal glycoproteins in the rat are differently regulated in the small intestine, as the treatment of suckling rats with polyamines induces a precocious maturation of glycoprotein fucosylation, but not sialylation. When given to suckling rats, both spermidine and spermine (normally found in the small intestine at a higher level after weaning than weaning) reproduced the effects of weaning (high intestinal levels of spermidine and spermine, and increased fucosylation). Putrescine was less effective probably owing to its breakdown. Spermidine and spermine are maturation factors for many glycoproteins of the brush-border membrane, both in terms of enzyme activity (sucrase and maltase) and in terms of fucosylation of their glycan chains. Thus, postnatal changes in intestinal glycoprotein fucosylation could be partly caused by an increase in polyamine intake (and particularly that of spermidine and spermine) at weaning time, which may be important in establishing the barrier function and in triggering digestive enzyme activity.
